1. Introduction {#sec1}
===============

Cisplatin (CP), cis-diaminedichloroplatinum (II), is one of the most powerful antineoplastic agents used to treat a wide range of human malignancies such as testicular, ovarian, bladder, head and neck, cervical, esophageal and small cell lung cancer ([@bib18]; [@bib16]; [@bib6]). CP treatment is hampered by significant side effects such as neurotoxicity, nephrotoxicity, ototoxicity and vomiting ([@bib59]; [@bib23]; [@bib31]; [@bib58]). Thirty percent of CP-treated patients suffered from neurotoxicity because CP can cross the blood-brain barrier and accumulate in repeated doses ([@bib38]; [@bib13]; [@bib57]).

Cancer patients undergoing chemotherapy treatment have been shown symptoms of depression and anxiety with an incidence of 12--24% ([@bib30]). Furthermore, following exposure to CP treatment direct neurotoxicity is a common and most often dose-limiting complication in the form of changes in acute consciousness, cerebral infarctions, neuropathy, seizures, paralysis and ototoxicity ([@bib11]; [@bib14]). It was reported that CP damages the mitochondria and causing neurotoxicity ([@bib55]).

Many studies have revealed that antioxidant supplementation prevents neurotoxicity associated with platinum-based chemotherapy that works together to increase anticancer activity and reduce adverse effects ([@bib41]; [@bib33]; [@bib51]).

Thymoquinone (TQ) is the primary bioactive constituent derived from *Nigella sativa* (NS). In the Middle and the Far East, the NS seeds were used as a traditional medicine for treating a broad spectrum of diseases ([@bib45]). TQ is a member of the bioflavonoids that has several properties such as antioxidant, anti-inflammatory, neuroprotective, antiallergenic, antiviral, anti-diabetic and anti-carcinogenic activities ([@bib12]; [@bib49]; [@bib7]; [@bib9]; [@bib26]). It has been noted that TQ neutralizes oxygen-free radicals i.e acts as a scavenger and increases antioxidant enzyme activities ([@bib37]). The second natural antioxidant drug used in this study is geraniol (Ger). Ger (3,7 dimethyl-2,6 octadien-1-ol) is monoterpene alcohol which naturally found in small amounts in geranium, lemon and other essential oils from medicinal plants and is the aromatic component of many cosmetic products ([@bib52]). Ger has been reported to have many therapeutic characteristics including its antioxidant and anticancer potential ([@bib50]; [@bib4]).

Based on this data, the main purpose of this study was to evaluate the protective effect of prophylactic treatment with either TQ or Ger against neurotoxicity induced by CP through evaluating behavioral changes in rats. Our findings support issues faced by TQ\'s or Ger\'s neuroprotective effects against CP-induced neurotoxicity in rats.

2. Materials and methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

Cisplatin was purchased from Mylan S.A.S. (Saint-Priest, France). TQ and Ger were purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA). Corn oil has been purchased from the local market. Both glasses and plastic were washed and rinsed with distilled water. Dimethyl sulfoxide (DMSO), trypan and 3-\[4,5-dimethylthiazole-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) blue dye were obtained from Sigma (St. Louis, Mo., USA). Fetal Bovine serum, L-glutamine, RPMI-1640, gentamycin, HEPES buffer solution and 0.25% Trypsin-EDTA were purchased from Lonza (Belgium).

2.2. Mammalian breast cancer cell lines {#sec2.2}
---------------------------------------

MCF-7 cells (the cell line of human breast cancer) were collected from American Type Tissue Culture. The cells were propagated in Dulbecco\'s modified Eagle medium (DMEM) with 10% heat-inactivated bovine fetal serum, 50 μg/ml gentamycin and 1% L-glutamine, HEPES buffer; these cells were kept at 37°C in a humidified atmosphere with 5% CO~2~ and subcultured twice a week.

2.3. Assay of cell viability {#sec2.3}
----------------------------

First Experiment: CP, Ger and TQ: each drug was used as a treatment alone against the MCF-7 cells for 48 h.

Second Experiment: Ger and TQ were tested at the IC~50~ concentration in combination with different concentrations (2, 5, 10, 20, 40 and 80 μg/ml) of CP compared with CP, TQ and Ger alone against the MCF-7 cells for 48 h.

2.4. Cytotoxicity evaluation using MTT viability assay {#sec2.4}
------------------------------------------------------

The cells were seeded in 96-well plates at a cell concentration of -1×10^4^ cells per well in a growth medium of 100 μl for cytotoxicity assay. After 24 h of seeding the fresh medium containing different test sample concentrations was applied. Using a multichannel pipette, the required concentrations from the tested compound were applied to convergent cell monolayers dispensed into 96-well, flat-bottomed microtiter plates (Falcon, NJ, USA). The microtiter plates were incubated at 37°C in a humidified incubator with 5% CO~2~ for a period of 48 h. Three wells were used for each concentration of the test sample. Control cells were incubated without test samples and with or without DMSO. The little percentage of DMSO present in the wells (maximal 0.1%) was found not to affect the experiment. After incubation of the cells at 37°C for 48 h, the viable cells yield was determined by a colorimetric MTT method.

In summary, the medium was withdrawn from the 96 well plates and substituted for each well with 100 μl fresh culture medium RPMI 1640 without phenol red then 10 μl of 12 mM MTT stock solution (5 mg MTT in 1 mL PBS) including untreated controls. Next, the 96 well plates were incubated for 4 h at 37°C and 5% CO~2~. The wells were extracted from an 85 μl media aliquot and added 50 μl of DMSO to each well thoroughly mixed with the pipette and incubated for 10 min at 37°C. The optical density was then determined at 590 nm using the microplate reader (Sunrise, TECAN, Inc, USA) to estimate the number of viable cells and the viability percentage was calculated at \[ODt/ODc\] x 100% where ODt is the mean optical density of wells treated with the sample and ODc is the mean optical density of untreated cells. The correlation between the surviving cells and the concentration of drugs was drawn after treatment with the specified compound to achieve the survival curve of tumor cell line ([@bib36]; [@bib20]).

2.5. Animals {#sec2.5}
------------

In the current study, forty healthy adult male Wistar albino rats weighing 150--200 g; 3 months old were obtained from El Nahda University\'s Animal House (Beni-Suef, Egypt). They were placed in stainless steel cages at a well-ventilated animal house. They were held under normal laboratory conditions (12 h light/dark cycle, 24 ± 1°C) for at least one week for adaptation before the experiment and all of these conditions were maintained until the end of the study with sufficient food and water. The current study protocol was carried out in line with the protocol accepted by the Experimental Animal Ethics Committee of the University of Beni-Suef (BSU/FS/2018/13).

2.6. Experimental design {#sec2.6}
------------------------

The rats were divided into four groups each containing ten rats and treated as follows:

Group I (normal control group): rats received 2 ml/kg/day corn oil orally for 33 consecutive days ([@bib19]) and injected with saline 2 ml/kg intraperitoneally (i.p.) twice a week (a total of nine injections).

Group II: rats received CP 2 mg/kg body weight i.p. twice a week starting on the 5^th^ day for 33 days (a total of nine injections) ([@bib5]).

Group III: rats received TQ 20 mg/kg body weight orally in corn oil three times a week for 33 days ([@bib56]) as well as CP as mentioned before in group II.

Group IV: rats were received Ger 100 mg/kg body weight orally in corn oil for 33 consecutive days ([@bib54]) as well as CP as mentioned before in group II.

2.7. Behavioral tests {#sec2.7}
---------------------

### 2.7.1. Open field test {#sec2.7.1}

The experiment was carried out in a wooden square box (80 × 80 × 40 cm) divided into 16 equal squares (20 × 20 cm) at the bottom. Each rat was located in the open field center individually and permitted for 3 min of free exploration of the area. After each test, the floor and walls were cleaned to avoid potential bias due to the odors of previous rats. For later off-line evaluation, a video camera was set at the top of the box to monitor rat behavior. The number of squares passed (ambulation) and the number of times the animal standing on the hind limbs (rearing), as well as the actual time during monitoring due to lack of movement (immobility), were recorded ([@bib24]; [@bib39]).

### 2.7.2. Morris water maze test {#sec2.7.2}

Morris water-maze (MWM) test is the most widely used behavioral model to test rodent spatial memory and learning ([@bib35]). In the last week of the experiment, MWM was carried out as previously explained elsewhere ([@bib53]). Rats were thus put in a circular pool and allowed in the training session to swim freely for 60 s. The animals were given five daily trials from each 3 starting points daily. Rats were educated in each trial to learn the location of the hidden platform based on visual signs outside the maze. The animals that are unable to find the hidden platform within 60 s were directed to the platform and permitted to stay 15 s on the platform (acquisition trials).

At the end of each training trial, the latency to find the escape platform (sec) was recorded. The test was done on the sixth day; the escape platform was excluded and placed rats in the pool for a total duration of 60 s. The time to reach the hidden platform and the time spent in the target quadrant (sec) were calculated in these probe trials. The digital camera was fixed above the maze to monitor the animals during the different stages of the test.

2.8. Histological examination {#sec2.8}
-----------------------------

Brain samples from three animals of each group were fixed into 10% neutral formalin and were embedded in paraffin. The sections were cut into 4--6 μm thickness, mounted on slides and stained with hematoxylin and eosin (H&E). Histopathological changes in the brains were evaluated by assessing the morphological changes in the sections using a standard technique ([@bib10]).

2.9. Statistical analysis {#sec2.9}
-------------------------

All measurements were performed using SPSS 16.0 (SPSS, Chicago, Ill, USA) computer program. The differences between test groups were analyzed using the ANOVA followed by the Tukey post-hoc test where *p* \< 0.05 was considered significant. The data as clearly indicated is reported as mean ± standard error (SE) values. All graphs were plotted using Graph pad Prism software (San Diego, CA. USA).

3. Results {#sec3}
==========

3.1. Cell viability {#sec3.1}
-------------------

In this study, MCF-7 cells were treated with various concentrations of CP (2, 5, 10, 20, 40 or 80 μg/ml) and their viability was measured by MTT assay for 48 h ([Figure 1](#fig1){ref-type="fig"}). We aimed to determine whether prophylactic treatment with TQ or Ger can affect the antitumor activity of CP or not in MCF-7 cells *in vitro*. First, the combination of TQ or Ger plus CP was tested in cell viability assay compared to CP, TQ and Ger alone. The drug combination induced synergistic inhibitory effects on cell viability. The anticancer effect of CP did not decrease with either TQ or Ger treatment. The maximum concentration of TQ that could be safely used in cell line is 15 μg/ml and 420 μg/ml for Ger and the maximum concentration of CP is 1 μg/ml. Our results showed that CP had a dramatic effect on the viability of MCF-7 cells with an IC~50~ of 1.06 μg/ml. These results suggested that cell viability could be significantly decreased with increasing CP, TQ and Ger concentrations.Figure 1MTT assay results of cell viability for MCF-7 cell line after treatment with CP, TQ and Ger for 48 h. MCF-7 cells were incubated with (2, 5, 10, 20, 40 or 80 μg/ml) CP, 15 μg/ml TQ and 420 μg/ml Ger for 48 h. The values are presented as the mean ± SE. CP: cisplatin; TQ: thymoquinone; Ger: geraniol.Figure 1

3.2. Effect of prophylactic treatment with either TQ or Ger on rats behavior in the open field {#sec3.2}
----------------------------------------------------------------------------------------------

Cisplatin-treated rats showed an elevation in depression-like activities. Our results demonstrated that CP treatment caused a significant reduction in central crossings (*F =* 17.53, *p \<* 0.05), peripheral crossing (*F =* 10.54, *p \<* 0.05), ambulation (*F =* 13.30, *p \<* 0.05) and rearing frequencies (*F* = 6.61, *p \<* 0.05) along with a significant increase in immobility time compared to the normal control group (*F* = 22.42, *p* \< 0.05). Prophylactic treatment with TQ or Ger reduced the aforementioned behavioral changes in the CP-treated rats. TQ treatment caused a significant increase in the central crossings and insignificant elevation of peripheral crossings, ambulation and rearing while the administration of Ger significantly increased the central crossings, peripheral crossing, ambulation and rearing, whereas both drugs significantly decreased the immobility time in the open field test as compared to the CP-treated group ([Figure 2](#fig2){ref-type="fig"}).Figure 2Effect of prophylactic treatments of TQ or Ger against CP-induced changes in rats\' behavior in the open field test. (A) Central crossings, (B) Peripheral crossings, (C) Ambulation, (D) Rearing and (E) Immobility time. The data are presented as the mean ± SE of 10 rats. ^a^*p* \< 0.05 *versus* control group. ^b^*p* \< 0.05 *versus* CP group. CP: cisplatin; TQ: thymoquinone; Ger: geraniol.Figure 2

3.3. Effect of prophylactic treatment with either TQ or Ger on rats behavior in the Morris water maze test {#sec3.3}
----------------------------------------------------------------------------------------------------------

On the first training trial, the mean escape latency did not distinguish among the groups and the CP-treated rats demonstrated insignificant longer escape latencies when compared to the normal control, TQ- and Ger-treated groups in successive training trials (*F* = 6.97, *F* = 2.24, *p* \< 0.05). Additionally, TQ and Ger supplementation in the CP-treated animals significantly decreased mean latency in the last three days of the training session (*F* = 25.01, *F* = 14.31, *F* = 18.99, *p* \< 0.05). In the probe trial, after elimination of the platform, the time to find the target platform in the CP-treated group was significantly longer than those treated with either TQ or Ger (*F* = 7.89, *p* \< 0.05). The time spent in the target quadrant was significantly reduced in the CP-treated animals compared to the normal control group while prophylactic treatment with TQ or Ger plus CP significantly (*F* = 18.70, *p* \< 0.05) increased the time spent in the target quadrant compared to that of the CP-treated group ([Figure 3](#fig3){ref-type="fig"}).Figure 3Effect of prophylactic treatments of TQ or Ger against CP-induced changes in rats\' behavior in the Morris water maze test. (A) Escape latency in the first training trials (sec), (B) Time to reach the target platform in the probe trial (sec) and (C) The time spent in the target quadrant. The data are presented as the mean ± SE of 10 rats. ^a^*p* \< 0.05 *versus* control group. ^b^*p* \< 0.05 *versus* CP group. CP: cisplatin; TQ: thymoquinone; Ger: geraniol.Figure 3

3.4. Brain histopathology {#sec3.4}
-------------------------

Histopathological examination of the rat cerebral tissues showed that CP treatment caused a significant damage to the brain tissues with congested cerebral blood vessels and degeneration of nerve cells ([Figure 4](#fig4){ref-type="fig"}B & F) when compared to normal control group which had normal cerebral tissue with normal neurons and neuroglia ([Figure 4](#fig4){ref-type="fig"}A & E), had a cerebral tissue. TQ treatment had normal and degenerated nerve cells and neuroglia ([Figure 4](#fig4){ref-type="fig"}C & G) and Ger-treated group also showed normal nerve cells and neuroglia cells and degenerated neurons ([Figure 4](#fig4){ref-type="fig"}D & H).Figure 4Histopathological examination of the brain tissues showing cerebral tissues of different studied groups. (A) Brain tissues of the normal control group showing nerve cells and neuroglia cells appeared with normal structure, H&E stain X100, (E) higher magnification of (A), showing normal nerve cells (arrow) and normal neuroglia (arrowhead), H&E stain X400. (B) Brain tissues of CP-treated group showing congestion (V) and edema (arrow) of the cerebral blood vessels, H&E stain X100, (F) higher magnification of (B), showing congestion of blood vessels (V), sever degeneration of nerve cells (arrowhead), H&E stain X400. (C) Brain tissues of CP + TQ-treated group showing numerous nerve cells are normal with few degenerated nerve cells, H&E stain X100, (G) higher magnification of (C), showing normal nerve cells and neuroglia cells, H&E stain X400. (D) CP + Ger-treated group, brain tissues showing normal and degenerated nerve cells and neuroglia, H&E stain X100, (H) higher magnification of (D), showing normal nerve cells and neuroglia cells (arrow) and degenerated neurons (arrowhead), H&E stain X400. CP: cisplatin; TQ: thymoquinone; Ger: geraniol.Figure 4

4. Discussion {#sec4}
=============

Cisplatin is considered one of the most important and effective antineoplastic drug used for the treatment of numerous types of malignancies. Although its effectiveness it caused serious side effects as neurotoxicity, a main adverse effect resulted in changes in behavior and memory functions in patients who completed CP therapy. CP interacts with DNA forming DNA-Pt adducts resulted in DNA damage, crosslinking and mitochondrial dysfunction leading to apoptosis. Cognitive impairment is a neurological complication of CP chemotherapy, but the underlying mechanisms are not fully explained. It has been demonstrated that CP can pass the BBB under changed physiological conditions such as short-term hypoxia ([@bib34]). The degeneration of the Purkinje cell line in the cerebellar cortex after CP treatment also suggests that CP may penetrate the BBB to some degree ([@bib3]).

It is well established that the energy levels and oxidative stress in the cell explain the progressive cell division or apoptotic cell death. The cell undergoes necrosis when the stress level within the cell exceeds a certain limit with a higher energy deficit while apoptosis occurs when the stress is moderate with a moderate energy level ([@bib29]; [@bib22], [@bib21]). Motor and cognitive disorders and abnormal behaviors have also been reported in rats as a result of changes in hippocampal and cerebellar functions ([@bib47]).

In the present study, MTT assay confirmed that the cell viability was markedly decreased following CP treatment. Meanwhile, the prophylactic treatment with either TQ or Ger plus CP reduced the cell viability in MCF-7 cells and did not alter the antitumor activity of CP.

In this work, we illustrated the mechanisms of CP-induced neurotoxicity by using a rat model to evaluate the effects on neuronal integrity and cognitive function of CP regimens. Our findings revealed that chronic treatment with CP affected the functions of learning and memory in rats. The open field and the MWM tests were used in the present work to measure the functions of learning and memory in rats. We have demonstrated some behavioral tests in this study to evaluate the effect of CP on rat memory and learning activities and the role of natural antioxidant drugs in amelioration of the memory and learning problems.

These results were in an agreement with those of previous studies of ([@bib40]; [@bib2]) which demonstrated that CP treatment-induced learning and memory problems in rats in the open field and the MWM tests, respectively.

TQ the natural main bioactive component of NS has been found to exhibit antioxidant and anti-inflammatory activities as it acts as a free radical scavenger augmented by many factors, such as its quinone structure\'s redox properties and its ability to cross biological barriers ([@bib8]; [@bib43]). Moreover, the beneficial effect of NS on cognition, attention and memory was documented by other researches ([@bib46]). Geraniol is an acyclic monoterpenoid and is the major ingredient of rose oil and palmarosa oil and the main component of ginger, lemon, lime, lavender, nutmeg, orange and rose essential oil. In several previous studies, Ger has antioxidant, antitumor and anti-inflammatory properties ([@bib32]; [@bib15]; [@bib28]; [@bib17]; [@bib48]).

Recently, our study ([@bib25]) proved that the neuroprotective effects of TQ or Ger against CP-induced neurotoxicity in rats were through downregulating of gene expression of some apoptotic markers including p38 mitogen-activated protein kinase (MAPK), STAT-1, p53, p21, MMP9 and FMO3. In addition, the treatment with either TQ or Ger as natural antioxidants protected against cisplatin-induced oxidative stress in brain tissues *via* increasing the activity of antioxidant enzyme superoxide dismutase (SOD), reducing myeloperoxidase activity, inhibition of lipid peroxidation by decreasing 8-isoprostane levels besides the brain function biomarkers such as glutamate levels and lactate dehydrogenase (LDH) activity which were reduced when compared to CP-treated rats.

According to the present results, the prophylactic treatment with either TQ or Ger alleviated CP-induced neurotoxicity and cognitive impairments in rats *via* improving behavioral changes, learning and memory deficits. These effects may be due to their potent antioxidant activities.

According to the previous findings ([@bib1]) that reported the neuroprotective efficacy of TQ against pentylenetetrazole (PTZ) which caused learning and cognitive impairment of mice through its antioxidant activity and improved memory deficits in MWM test. TQ administration plus PTZ resulted in the attenuation of nitric oxide (NO) overproduction induced by inducible NO synthase and alleviated oxidative stress through the reduction of the malondialdehyde (MDA) and nitrite besides increasing the glutathione (GSH) level and glutathione peroxidase activity in the brain.

Also, [@bib27] indicated the neuroprotective properties of TQ against β-amyloid-induced neurotoxicity in rats through the restoration of elevated AChE activity, decreasing NO production, reducing lipid peroxidation and increasing the GSH levels, glutathione peroxidase and glutathione reductase activities in brain tissues which lead to prevention of disorders of central nervous system and improving learning and memory deficits.

As mentioned before, the protective effect of TQ and Ger may be due to their antioxidant effect as reported by our group ([@bib25]) that attributed the neuroprotective effects of both natural compounds against CP-induced neurotoxicity in rats to their antioxidant activities through reducing the glutamate levels and LDH activity, the main brain function marker, and enhancing the activity of SOD in brain tissues.

The neuroprotective effect of Ger discussed in previous studies ([@bib44]; [@bib42]) revealed that Ger administration was found to markedly decrease the elevated MDA, increase GSH levels and protect dopaminergic neurons, through increasing the dopamine formation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson\'s disease in mice and acrylamide-induced behavioral deficits in rats respectively resulted in improving the behavioral problems.

In this study, the histolopathological examination of the brain tissues also confirmed the brain damage after CP administration and the protective effect of TQ or Ger against CP-induced neurotoxicity in rats.

Considering the possible neuroprotective and antioxidant activities of both TQ or Ger as discussed above, the present study has been established to research the potential protective effects of these agents against CP-induced neurotoxicity in rats.

5. Conclusion {#sec5}
=============

In conclusion, the current study proved that TQ or Ger did not alter the anticancer effect of CP in human breast cancer cells besides the protective action of TQ or Ger against CP-induced neural damage through amelioration of the learning and memory impairments. Thus prophylactic treatment with TQ or Ger plus CP offered a good adjuvant therapy for the treatment of cognitive impairments induced by CP.
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